The application of multiway contingency table analysis to the multivariate analysis of concordance ratios in twin studies is developed. The approach is illustrated by data on smoking and alcohol use in Finland and Sweden. This approach can enable the assessment of the effect of other variables on the concordance ratio and thus allow estimates of genetic effects on the trait under study. Hypotheses on relationships between genetic effects and other variables can be tested. After hypothesis testing, model fitting of the best hypothesis can be carried out.
INTRODUCTION
A usual way of analysing qualitative twin data (eg, disease versus nondisease state) is to compute concordance ratios. These may be expressed as pairwise ratios, probandwise or as coincidence ratios depending on the study design, method of case ascertainment, and trait under study [2, 8, 18] . Commonly the concordance ratio is expressed for a single trait in one sample. Comparisons of concordance ratio are carried out between monozygotic (MZ) and dizygotic (DZ) pairs; higher concordance ratios in MZ than in DZ pairs are interpreted as evidence in favor of a genetic effect on the trait, though in many cases MZ twins may share more environmental influences as well.
The expression of traits, however, is often dependent on many factors in the environment, and therefore analysis of the effect of environmental variables on genetic factors is of interest when studying various processes and interactions. In epidemiological studies, for example, we are interested in how risk factors are related to disease, and in how their effect is modulated by modifying factors. Genetic factors can influence various parts of these processes, and specification of which parts and how is in the interest of genetic epidemiology.
In the study of the effect of various variables, relationships between different variables are termed interactions. In twin studies one variable is, of course, zygosity. Depending on the study design other variables may be used, eg, sex, age group, etc. For such qualitative traits the proportion of twin pairs that are concordant for the study trait within the category of the variable is often studied. Thus, it may be of interest to study whether the proportion of trait concordant pairs is similar in MZ and DZ pairs of both sexes. Because of multiway interactions there is often a need to analyze three or more variables simultaneously. A frequent form of presentation of this type of data is the contingency table, permitting comparisons between groups.
A sophisticated way of treating contingency tables is to use models based on the probability distributions of the exponential type. One of the most frequently used models is the log-linear model [3, 7, 10, 11, 14] . Since in twin studies the concordance ratio is of interest, a different but analogous model is better suited, the logit model. This paper will present a new approach for the analysis of certain type of twin data.
DEFINITION OF THE MODEL
Let us suppose that a trait to be studied is measured by the concordance ratio (X). For the purpose of the model we define this variable as a ratio of the number of concordant pairs to the number of nonconcordant pairs. Let us assume that we want to study the association of r qualitative variables with the concordance ratio. There are also s variables that are considered to be confounding or modifying factors in this association, so that their effect has to be controlled by the model. Suppose that the data is arrayed in the form of a p-dimensional (p = r + s) contingency table, whose elements are characterized with the variables: The approach is illustrated by data from a study on smoking and alcohol use in adult like-sexed twin pairs in Finland and Sweden [15] . Smoking habits of 19,793 adult likesexed twin pairs in Finland and Sweden were clarified by postal questionnaire surveys. Current cigarette smokers were defined as the persons who had never smoked more than 5-10 packs of cigarettes and who presently smoked regularly. A smoking concordant pair was defined as a pair in which both twins were current cigarette smokers. The distribution of smoking concordant pairs was categorized by zygosity (Z), sex (S), and country (C) ( Table 1 ). Here p = 3, and since zygosity is the variable of study interest, and sex and country of residence are considered confounders, r = 1 and s = 2. All three p variables are in mis case dichotomous. The logit [In (X n , . . . ,i p )] for each cell of this three way classification has been computed in Table 1 .
For the analysis of the specified contingency table we define the following saturated model:
in E(X", .... This model is called the logit model, and it assumes an underlying binomial probability distribution.
The estimation of the parameters in the logit model is usually carried out by maximum likelihood method. A number of computer programs are available which give maximumlikelihood estimates of all parameters. Algorithms have been published [12, 13] and the widely used program package GLIM [5] contains programs that can be used for the analysis of contingency tables.
Hypothesis Testing
We may formulate a number of hypotheses in terms of different 6 s in the model [2] being 0. A large number of hypotheses based on the parameters of the model can be formulated. For a simple analysis of three dichotomous traits, there are up to 64 different hypotheses, whereas for a five-way table there are several thousand different hypotheses. One has to limit oneself to groups of hypotheses that have a meaningful interpretation; some hypotheses have interpretations in terms of independence, conditional independence, and uniform distribution [10] . 
These hypotheses are tested by the log likelihood statistic, which is asymptotically chisquare distributed [17] . The statistic is denoted by Z(H), and called deviance in GLIM [5] . The sufficient marginals for the hypotheses related to the example data are shown in Table 2 . In the same table are the test statistics, the associated degrees of freedom, and the P values for each hypothesis.
In addition to the basic hypotheses shown in Table 2 , composite hypotheses can be constructed. These are used in sequential testing, when the effect of variables or interactions, as sole effects, on the concordance ratio is assessed. It is seen that four combinations of sufficient marginals yielded test statistics that did not cause rejection of the corresponding hypotheses (Table 2) .
Sequential testing of hypotheses is a basic approach in the analysis of contingency tables [4] . All the hypotheses to be tested are systematically arranged in a hierarchial order, which gives us which hypotheses to test first and which hypotheses are tested under the assumption that other, earlier hypotheses hold.
There are, however, few rules for how to select the sequence of successive hypotheses to be tested. Several alternative criteria for hypothesis selection have been suggested [6] . The level of significance for rejection of a hypothesis will of course be determined by the person setting the hypotheses.
For composite hypotheses a simple formula exists, 
Z(H;H*) = Z(H) -Z(H*),
that enables us to compute the value of the test statistic to test for H against H*, where H* is a more general basic hypothesis that subsumes H. For example, the composite hypothesis for a second-order interaction between zygosity and sex is given by H z c ; Hzsc-The Z statistic is computed by the formula:
0.84 = 3.82 -2.98.
In this way a table of tests for the interaction terms and main variable effects analogous to tables of variation in analysis of variance can be constructed. For the empirical data, the entire table of variation is shown in Table 3 . For the data on cigarette smoking in male and female MZ and DZ twin pairs in Finland and Sweden, the hypotheses were sequentially tested. The hypothesis of no three-way interaction of zygosity, sex, and country is not rejected (P = 0.08) at the P = 0.05 level. Thus, we may proceed to test two-way interaction hypotheses, of which there are three kinds in this case. For the hypothesis of no interaction between zygosity and country, the test statistic yielded a P value of 0.36. Thus, this hypothesis could not be rejected. Similarly, a hypothesis on no interaction between sex and zygosity could not be rejected (P = 0.13). When the third hypothesis on two-way interactions is considered, the hypothesis is emphatically rejected (P < 0.001). It may be concluded that an interaction between sex and country effects on concordance ratios for cigarette smoking exists. Because one second-order no-interaction hypothesis has been rejected, the hypotheses on main effects must be considered in light of this result. Since the hypotheses of interactions of zygosity with either sex or country were not rejected, the hypothesis of a zygosity main effect may be tested. This null hypothesis is rejected at the P < 0.001 level and it may be concluded that there exists a true difference in concordance ratios between MZ and DZ pairs. Since a country-sex interaction effect could be observed, the testing of the main effects for sex or country is not valid as the testing of lower-order effects presupposes that higher-order interaction hypothesis about these variables have not been rejected.
MODEL FITTING
In the choice of an optimal model, it is necessary to omit all unnecessary interaction terms, since a substantial loss of power might result from fitting them [1] . For the last model not to be rejected, the estimates and their standard errors were produced. The estimates were then statistically tested ( Table 4) . The estimates were all significantly different from zero. Using these estimates the expected number of cases was computed ( Table 5) .
The expected numbers were very close to the observed ones. The correlations between estimated coefficients from Table 4 is shown in Table 6 . The estimated coefficient for zygosity had little correlation to the other estimates, while large correlations could be observed between the sex and country interaction term estimates.
The analysis indicates that zygosity has a significant effect on concordance ratios for cigarette smoking in this study, and this effect is independent of the other study variables as seen by nonsignificant interaction terms and a lack of correlation to other coefficient estimates. The model yielded estimates for expected values of concordant pairs that were very close to those observed. The largest difference was observed for Finnish female pairs. A significant sex and country interaction was observed, indicating that the concordance ratio in relation to sex was different in the two countries. This also meant that the effect of sex and country could not be assessed independently. 
DISCUSSION
In this study a method of analysis was presented for analyzing the significance of familial and genetic factors in twin studies of quantitative traits. Previously, in studies where the population prevalence of the trait is known, familiarity has been assessed by comparing the observed concordance ratio for DZ pairs to that expected on the basis of independent prevalence in individuals. Genetic factors have been assessed by comparing the MZ ratio to the DZ ratio. This assumes that the common environment of MZ and DZ twin pairs is similar. Such a method of analysis disregards information on the stratum effects, as well as interaction effects. To control for other factors in genetic epidemiological studies, Kastenbaum's and Lamphiear's test [16] for no three-way interactions has been used [8] .
Conclusions made solely on the basis of the above method of analysis may be misinformative since one is not justified in the statistical testing of within-strata effects, if tests for overall effects and interactions have not been carried out. Thus, a more complete and balanced view of the data is necessary. For such a purpose, a model was applied in this paper, the logit model, that is analogous to the widely used log-linear model for contingency table analysis. This model permits testing of interaction effects before estimating the main effects of the study variables. The model may also be easily extended to four-way or even more complex tables, though the testing procedures and sequential hypothesis testing becomes increasingly demanding. Prior selection of the multiway table to be analyzed becomes necessary [9] .
In the example used, data from a cross-national study of cigarette smoking among adult twin pairs in two countries was used. The multivariate assessment of genetic factors in relation to other factors was carried out by logit analysis of concordance ratios by available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0001566000006474
analyzing three variables, zygosity, sex, and country, at the same time. Thus, the effect of sex and country on zygosity in the smoking trait could be controlled. For cigarette smoking, the present results indicate that in both countries the zygosity effect is significant, and independent of country and sex. Although not presented here, the results held for both current and ever cigarette smoking as well as for smoking over one pack a day either currently or ever. For the heavy smokers, the zygosity effect had a significant interaction with sex [15] . A significant zygosity effect implies greater concordance for the trait among MZ than DZ pairs and is due to the identical genome and probably greater common environment of MZ twin pairs.
